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Role of ceria in the improvement of NO removal of
lanthanum-based perovskite-type catalysts

Xiaochen Li and Hongwei Gao

Lanthanum-based perovskite-type oxides represented by LaBOz (B = Co, Fe, Mn) have been thought to
present strong limitations for practical application although they are active for catalytic removal of NO.
Cerium (Ce) substitution has been extensively studied to modify the properties of perovskites. It is noted
that a new phase of ceria (CeO,) can be separated from perovskites when the doping ratio exceeds the
solution limit (x > S). This review outlines the relationship between the existence of CeO, phase and
catalytic activity. CeO, dispersing on the lattice surface or small particles are beneficial for catalytic
activity, but larger particles are adverse. Ce-doped LaBOs perovskites exhibiting the best activity must
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1. Introduction

The major pollutants discharged from vehicle engines to the
environment are particulate matter (PM), carbon dioxide,
hydrocarbons and nitrogen oxides (NO,). Among these
contaminants, NO, is paid increasing attention, owing to the
fact that it is not only harmful to human health but also
responsible for acid rain and photochemical smog.'* The main
component of NO, that we refer to is NO which is generated
from nitrogen and oxygen at an appropriate temperature.* In
the past 40 years, great efforts have been carried out for mini-
mizing NO emission.

From the thermodynamic view, the process (NO = 1/2N, + 1/
20,; AG? = —86 kJ mol ') is favored, but it is kinetically
hindered because of its high activation energy (364 k] mol *).°
To solve the afore-mentioned problem, a good deal of catalytic
methods and catalysts have been studied. Currently, NO
removal methods that we have learned can be roughly classified
as two major technologies: NO decomposition and NO reduc-
tion. The former can be regarded as a “green” process since no
additional toxic reactant, such as ammonia, is required and the
NO, gases are decomposed into N, and O, as harmless
components. Oppositely, the latter (e.gz NO, storage and
reduction (NSR), selective catalytic reduction (SCR), etc.) usually
requires the addition of a supplemental reductant which causes
further problems, such as higher equipment cost and secondary
pollution. At present, three principal types of catalysts active for
NO removal are zeolites,”” noble metals’>'" and composite
mixed oxides.””® However, the first, zeolites, are subject to
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contain additional CeO, phases. In addition, CeO,-supported LaBOz perovskite catalysts are discussed.

hydrothermal deactivation and are only active at high temper-
ature while the second, noble metals, are costly and easily
agglomerated during the reaction. In contrast to the above two
catalysts, composite mixed oxides, especially perovskite-type
catalyst with the general formula of ABO;, have considered as
a group of promising catalysts for NO removal as they are lower
price, mixed valence states of the transition metals and higher
stability.”*°

Lanthanum-based perovskites (LaBOs;), some of which
exhibit excellent performance for NO removal,**** have been
extensively investigated. As far as we know, unmodified LaBO;
perovskites present strong limitations (e.g. comparatively small
surface area and low catalytic activity at low temperatures)>*>>
and therefore reliable technologies need to be developed.
Among these technologies tackling aforementioned problems,
we find that doping Ce into perovskite (e.g. Lay ¢Ce(.4C003) or
CeO, as a “support” (e.g. LaCoO3/Ce0,) are effective. In addi-
tion, it have been reported that the solubility of Ce in LaBO;
perovskites is low and CeO, appears in the mixed-oxides when
Ce addition exceeds its solubility limit (S). The valence alter-
nation ability of Ce**/Ce*" makes CeO, a good oxygen reservoir
which stores and releases oxygen under oxidizing and reducing
conditions, respectively.®** In this review, CeO, is focused
because of its significant role in improving catalytic activity of
LaBO; perovskites catalysts. The roles played CeO, by will be
introduced by the following two topics: (i) CeO, as separated
phase (ii) CeO, as the support.

2. Description of lanthanum-based
perovskite-type catalysts

The perovskite-type oxides mentioned here adopt LaBO; struc-
ture (Fig. 1), in which B-sites are occupied by small transition
metals such as Fe, Mn.”**” For the resulting compounds, each

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Crystal structure of the LaBOs perovskite oxide.*

La cation is surrounded by 12 oxygen anions whereas each B
cation is surrounded by 6 oxygen anions.?® In the ideal unit cell
where the atoms are packed closely, La—O distance is equal to a/
V2 (a is the cubic unit cell parameter) while B-O distance is a/2.
Besides, La, B and O ions should satisfy the requirement that
the value of tolerance factor (¢£)**7° is equal to 1. The parameter
is defined by the expression t = (ry, + r5)/{y/2(rs + r'o)}, where ri,,
rg and ro correspond to the crystal radii for cations La and B and
the anion O, respectively. However, the perovskite structure is
also found for lower values of ¢ in the range 0.75 to 1.>**° The
simple perovskite structure could be partially replaced by
foreign ions with appropriate size difference, preserving matrix
perovskite structure. In such cases, the cubical structure can be
distorted into tetragonal, rhombohedral, or other lower
symmetries.”**" Besides the ionic radii requirement, electro-
neutrality is another condition. For example, the substitution of
La®" cation in LaMnO; with Sr** is accompanied by a change of
the oxidation state of Mn cation (Mn*" — Mn**) and exhibits
oxidative non-stoichiometry.*' The substitution may stabilize an
unusual oxidation state of the cation in position B and/or
produce oxygen vacancies or structural defects.**** These
excellent characteristics can enhance substantially the catalytic
activity and therefore have frequently been exploited in
perovskite-type catalysis.

Ce often appears as a good promoter in perovskite lattice
because of its two different valence states Ce** or Ce**.#3%%* The
substitution of La*" cation in LaBO; with higher valence Ce**
will affect indirectly the electronic state of the B-site ion. As
mentioned above, Sr** are used to partially substitute the A-site
ions in order to increase the basicity and to produce oxide anion
vacancies by charge compensation. To get a better and clearer
understanding about Ce doping, we take LaCoOj; as an example
to explain the process of defect formation. Three reactions have
been considered for Ce doping,***” the first two of which are for
doping stoichiometric LaCoO;. The substitution of La*" cation
in LaCoO; with Ce*" leads to creation of La** vacancies (eqn (1))
or reduction of Co** to Co**(eqn (2)).

3Ce0; +4La;, —3Ce;, + V"1, +2La,0, 1)

4Ce0, + 4La), +4Co}, —4Ce; , +4Co0'co + 2La05 + 0, (2)
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However, as prepared LaCoO; calcined at =900 °C is typically
slightly reductively non-stoichiometric.*® Therefore, the third
reaction that Ce is doped into the LaCoO; lattice containing
oxygen lattice vacancies was considered. This means that those
oxygen vacancies were refilled.

2Laf, 4+ 2Ce0; + V,,—2Ce,, + La,0; + O} 3)

These defects caused by Ce doping lead to the fact that
perovskite-type oxides show promising structural, surface and
catalytic properties for catalyst application. In addition, sup-
ported lanthanum-based perovskite-type catalysts, e.g. LaBO3/
CeO0,, were also extensively studied.

3. CeO; as separated phase

Among various perovskites, lanthanum-based samples repre-
sented by LaBO; (B = Co, Fe, Mn) are known to be excellent
catalysts for NO removal.*"** Also, it has been reported that the
Ce often appeared as a crucial component for perovskites
because of its two different valence states Ce*" or Ce**, which is
important to the catalytic reaction. This is the reason why
people have been paying increasing attention to Ce-doped
LaBO; perovskites.

For a low Ce content (which is below its solubility in perov-
skite structure), Ce can be incorporated into the LaBO; lattice to
form a solid solution. The valence change of B is complicated
due to the addition of Ce. The substitution of La** in LaBO; with
Ce*" result in no change of valence state of B ions (B""). The
higher valence Ce*" substitution lead to the fact that electro-
neutrality of the lattice is not maintained. As such, cation
vacancies are formed and valence state of B ions is changed. No
interstitial oxygen ions, however, are detected because perov-
skite lattice cannot accommodate them.***° For high Ce content
(which exceed their solubility limit in perovskite structure),
CeO, are formed and segregated from perovskite oxides. The
extra phase, CeO,, is either highly dispersed on the surface of
La,_,Ce,BO; for comparatively low Ce content or found as larger
particles for higher Ce content. The presence of CeO, result in
appearance of Ce vacancy sites or migration of (excess) B ions
outside the perovskite lattice to yield B,O, or both.*! In this case,
CeO, are believed to play a key role in enhancement of catalytic
performance.

3.1 Ce doped LaCoO;

The influence of Ce substitution on structural characteristics
has been discussed in previous literatures.**** Based on the X-
ray diffraction (XRD) results, Fig. 2, no peaks of CeO, are
detected when Ce addition was below 0.05, indicating that the
doped Ce atoms might have embodied into the LaCoO; lattice
to form a solid solution. For x = 0 and 0.05, the structures were
the rhombohedral LaCoO;-type (JCPDS 25-1060). As the content
of doped Ce increasing, the other minor phase, CeO,, was also
detected in addition to the major ABO; perovskite phase. This is
attributed to that Ce addition exceeds its solubility limit (x =
0.1).*>*¢ Although no Co3;0, peaks were detected in the XRD
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Fig. 2 XRD patterns of the La;_,Ce,CoO3 perovskites (x = 0, 0.05,
0.10 and 0.15).4¢

diffraction spectroscopy, Cos;0, is proposed to be separated
from perovskite oxides accompanying with the separation of
CeO, phase, which has been proved by previous litera-
tures.*>*>*” According to Erdenee's study on samples with x =
0.2 and 0.4,% the structure of LaCoO; transforms from rhom-
bohedral to cubic and peaks corresponding to Co;04 and CeO,
were visible. The severe lattice distortion perhaps leads to form
more oxygen vacancies.*” Table 1 lists the values of specific
surface area (ssa) of La; ,Ce,CoO; perovskites. It is observed
that the increment of the ssa values of the obtained perovskites
follows the sequence: LaCoO; (ssa = 8.9 m* g~ ') < Lag ,Ceg 3
Co0; (ssa = 9.8 m”> g™ 1) < Lag 6Cey 4C00; (ssa = 10.8 m> g™ 1) <
Lag sCeo,C00; (ssa = 11.0 m> g7 ') < Lag.o5Cep.05C00; (s5a =
11.4 m”> g ') < Lag oCe(.1Co0; (ssa = 12.6 m*> g ). So we reach
the conclusion that substituted samples have a larger ssa values
than pure perovskites and the enhancement was not linear with
substitution concentration. When Ce addition was below its
solubility limit (x =< 0.1), it was noticed that the value of ssa
significantly increase as pore volume was enlarged. However,
with the increased proportion of Ce, their ssa decrease, which
might be related to that the CeO, was segregated out and filled
in the pores of the perovskite.*®

In addition to above-mentioned physical structures, the
effect of Ce substitution on redox properties have also been
discussed in this paper. Firstly, it has been reported that partial
substitution with Ce can affect the surface characteristics which
are always more important than lattice. The surface character-
istics obtained from X-ray photoelectron spectroscopy (XPS) has
been observed in the reports of Erdenee et al.** and Wen et al.*®
In their work, no change of La valence state (La*") was detected

Table 1 Brunauer—Emmett—Teller (BET) analysis results of La;_,Ce,-
CoOsz perovskites calcined at 700 °C for 2 h*

La;_,Ce,CoO;3

x=0 x=0.05
SSA(m*>g™') 8.9 11.4

x=0.1
12.6

x=02 x=03
11.0 9.8

x=0.4
10.8
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Table 2 The percentage of adsorption oxygen obtained from XPS*

La;_,Ce,Co0;3

x = 0.05
42.2

x = 0.1
43.5

x = 0.2
48.4

x=0.3
39.8

x =04
38.3

x=0
% 46.6

when La was substituted with Ce. But they all agreed that the
trivalent Co ion is partly changed. As has been reported by Wen
et al.,* when the doping ratio was below 0.1, tetravalent Ce ions
were fully dissolved into the perovskite structure so that elec-
tronic unbalance was generated. As a result, a part of Co>" in the
B-site became Co>" or La** vacancies were created as a charge
compensation mechanism.***” When x was larger than 0.1, the
average oxidation state of the Co cation increased because the
existence of CeO, might lead to deficiency of A-cation. Of
course, they also showed XPS spectra of O 1s. According to ref.
43, 45 and 47, there are three different forms of oxygen
including lattice oxygen (Oja), adsorbed oxygen (O,g4s), and
surface adsorbed water species. Wen et al.*® found that the
La, gCe( ,Co0; achieved the highest percentage of adsorption
oxygen which participated in oxidation reactions. It is generally
accepted that among Ce doped LaCoO; samples, La, gCe, ,C00;
shows the best activity.***> However, we cannot directly draw the
conclusion that the improvement of catalytic activities are due
to high amount of adsorbed oxygen, owing to the fact that
although the perovskite LaCoO; also gets high amount of
adsorbed oxygen (Table 2), its activity is low. Additionally, it was
proved that Ce ions were present in the trivalent and tetravalent
form.***47 The relative concentration of Ce*", defined as Ce*/
(Ce*" + Ce™), was listed in Table 3. It varied from 19.2% to
21.0%, indicating that Ce** was dominant in all the samples.
Secondly, a result of temperature programmed reduction of H,
(H,-TPR) experiment investigating effect of Ce addition on the
redox ability of LaCoOj; is shown in Fig. 3. The literature*® also
displayed the H,-TPR profiles of La;_,Ce,CoOj;, in which two
obvious reduction peaks were observed, which could be attrib-
uted to the reduction of Co®" to Co** and Co®" to Co°, respec-
tively. As was seen from Fig. 3, two reduction peaks respectively
located at about 400 °C and 600 °C. When a certain amount of
Ce was introduced into the LaCoO; perovskite structure, the two
peaks moved forward to lower temperature direction corre-
spondingly, indicating that Ce*" insertion increased the catalyst
reducibility. In other word, Ce-doped catalysts showed a better
reducibility as the reduction temperatures of these catalysts
were lower than pure LaCoO;. And the sample with La; ,Ce,-
CoO; (x = 0.2) leads to the highest decrease in the reduction
peak temperatures. This may be because (1) it creates an easier

Table 3 The relative concentration of Ce>" of La;_,Ce,CoOs
catalysts*

La;_,Ce,Co0;3

x = 0.05
20.6

x=0.1
21.0

x=0.3
20.3

x = 0.5
19.2

x=0
ce*t/(ce®t + ce™) (%) —
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reducibility of the Co®" into Co®" and, (2) Ce*" increases the
number of cation vacancies within the lattice.

According to Wen's paper,* the La; ,Ce,CoO; samples
synthesized through a citrate show the highest conversion
(80%) at about 300 °C in a flow of NO + O, + He when x was 0.2.
However, the catalytic activities decreased at higher x values.
They thought that these factors including the presence of CeO,
and the decrease of adsorbed oxygen amount caused the
decrease of activity. Combined with his results of XRD, when x >
0.1, the peaks of CeO, were observed. This means that small
CeO, appeared in the mixed-oxide. Thus, it is concluded that
the existence of small CeO, nano-particles is beneficial to the
improvement of catalytic activities, but catalytic activities
decreased because larger particles are formed at higher Ce
content.

3.2 Ce doped LaFeO;

Like La; ,Ce,CoO; samples, a of La;_,Ce.FeO;
perovskite-type oxide catalysts are also characterized by XRD,
BET, XPS and TPR to illustrate the influence of Ce substitution.
In these literatures,** it is found that the substitution of La by
Ce can increase the value of ssa and change the reducibility of
Fe cation and Fe**/Fe®" ratios. The influence of Ce substitution
on LaFeO; is very similar to that on LaCoOj;. Therefore, changes
in its physicochemical properties are not explained in this part,
but effect of catalytic performances is paid more attention here.

Giannakas et al.* investigated and compared the catalytic
performance of LaFeOs;, LaggsSrg15FeOs;, Lag gSto1Ceq1FeOs
and La, gCey ,FeO; which were prepared via a reverse micelles
microemulsion route for NO reduction by CO, finding that the
full sequence of catalytic activity of tested solids is Lag gCeg -
FeO; > La gSty.1Ceg 1 FeO3 > Lag g5Sto 15Fe0; = LaFeO;. They
pointed that (1) the above sequence is in accordance with the
sequence of increment of ssa of the solids and, (2) La, sCe.»-
FeO; and LaygSrg,Ceo FeO; show much higher catalytic
activity than the solids containing no Ce, which may be caused
by the presence of CeO, phase in these two solids. Qin et al.>
also reported that catalytic reaction of La;_,Ce,FeO; for NO

series
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Fig. 3 H,-TPR profiles of the La;_,Ce,CoO3 (0 = x = 0.4) catalysts.*®
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reduction with CO and illustrated the influence of Ce substi-
tution on SO, resistance. It was found that although LaFeO;
exhibited an excellent catalytic performance without SO, (100%
NO conversion at 500 °C), catalytic reaction decreased drasti-
cally when SO, gas was added to the CO + NO system(conversion
rate decreased to 40-50% after approximately 100 min). Doping
a certain amount of Ce into the LaFeO; perovskite structure
could obviously improve the SO, resistance. For example,
Lay 6Ceg 4FeO; sample maintained a conversion rate of 80%
during the latter 270 min after addition of SO, gas into the CO +
NO reaction system. The reason was suggested to be the addi-
tion of Ce*" which could prevent the adverse effect of SO, on the
LaFeO; perovskite by absorbing SO, and forming Ce(SO,),.
Thus, the presence of Ce*" is the key factor to the improvement
of SO, resistance in LaFeO; perovskite catalysts.

Recently, attapulgite (ATP) was considered as support for
La, ,Ce,FeOj; catalysts, not only because of its inexpensive but
also for its adsorption of many pollutants. A recent research™
on La; ,Ce,FeO3;/ATP was conducted for testing its photo-
catalytic reduction of NO at low temperature. Following inves-
tigation on photo-SCR activity and stability of La;_,Ce,FeO,/
ATP samples (Fig. 4) proves that the substitution of Ce is helpful
for the improvement of catalytic performance. It is noteworthy
that the conversion rate of NO reaches close to 80% when Ce
doping amount is 0.3 at room temperature. Combined with
XRD results, CeO, is precipitated from the solid solution when
the Ce doping ratio is 0.3. This implies that the existence of
CeO, is no harm for NO, reduction.

Besides the NO removal, La;_,Ce,FeO; was also considered
as promising catalyst in some reactions. For example, Xiang
et al.® reported that the temperature of CH, conversion at 90%
was as low as 510 °C when x = 0.3. According to Ma's report,> in
the case of x = 0.5, the conversion of CO is about 68% at 530 °C.

3.3 Ce doped LaMnO;

As mentioned earlier, we have systematically studied the effect

of Ce in La; ,Ce,CoO; and La,; ,CeFeO; perovskites.
I .-
2 80 o900t g0t e Ve e
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Fig. 4 Photo-SCR denitrification activity and stability of La;_,Ce,-
FeOz/ATP (x = 0.1-0.5).52
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Therefore, the properties of La; ,Ce,MnO; are not discussed
here, because the influences of Ce in La, _,Ce,MnO; are similar
to that in former two perovskites except that segregation of
CeO, is not accompanied by segregation of some manganese
oxide according to cases.*»**** This may be ascribed to that
manganese oxide can be dissolved in the segregated CeO,.** In
this part, the simultaneous substitution of Ce at the A-site and
other ions (B') at the B-site in a LaMnOj; lattice will be made
concentrates mainly.

For La;_.Ce;Mn,;_,B’,0; catalysts, the effect of the substi-
tution of La by Ce in these catalysts is more complex than that in
La;_,Ce,MnO; since the Ce cation not only changes the
reducibility of Mn cation (Mn** < Mn*"), but also may affect
the oxidation state of the B’ cation. In the case of
La;_,Ce,Mn,;_,B’,0;, the redox couple can be Ce**/Ce*", Mn*"/
Mn**and B""/B'"~Y* since oxidation state of B’ cation may be
variable. According to He's paper,” the reaction (Ce*" + Cu®>" —
Ce* + Cu") taken place during the preparation process of the
Lag sCeg,Mng ¢Cug 405 catalysts. The presence of Cu' and its
redox equilibrium (Cu® < Cu®>") would facilitate the NO
adsorption and reduction by CO. Similarly, Tarjomannejad
et al.*® studied the LaMn,_,Fe,O; and La, sCe,,Mng ;Fe, ;03
perovskites catalysts, finding that the substitution of La** by
Ce*" result in decrease of Mn**/Mn*" and Fe*'/Fe*'ratios. Of
course, the substituted samples can also lead to the formation
of oxygen vacancies and the increase of O,qs/Ojae ratio. An
integration of all these factors resulted in the enhancement of
catalytic activity (90% NO conversion at 323 °C). In addition, if
the B cation exists in a permanent valence state, Ce**/Ce**and
Mn*"/Mn*" are the redox couples. The role of Ce is just to adjust
the valence state of Mn cation or/and the ratio of Oaqs/Ojatt-
However, the catalytic performance of Lal,xCeanl,yB'yOS
samples have no relation to whether the valence state is varied
or not. Sometimes the B’ cation with a varied valence state can
promote the catalytic reaction, sometimes inhibit. In the
literature,* the substitution of Mn by Co in La,sCe,,MnO;
catalysts results in decreasing catalyst activity.

Besides, it has been reported that preparation methods
interfere with the generation of CeO, phase. In the paper,*”
a considerable amount of CeO, was found by XRD in the
LapgCep,CupsMny 03 and LaggCeg2Ag0.4Mn,s0; samples
synthesized by sol-gel method, but not in samples synthesized
by the reverse microemulsion method.

57,58

4. CeO, as the support

Aiming at resolving the problem that powder perovskites have
much lower surface area, the scheme that perovskites are
dispersed on thermally stable supports has been adopted and is
being put into operation. Presently, perovskites are often sup-
ported on Al,O;, CeO,, attapulgite and other supports.®®*
Among a variety of support materials, CeO, is one of the most
popular supports because of its particular redox property. These
supported perovskite oxides are usually prepared by impreg-
nation methods and their performances depend closely on the
support. In the paper,* Zhang et al. investigated and compared
the catalytic performance of LaMnO;/CeO, and LaMnO3/TiO,
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for the SCR of NO by NHj; in the presence of O, finding that the
former showed higher activity than the latter. The reason was
suggested to be the difference of support. The phenomenon
that TiO, supporting led to a remarkable decrease in redox
capacity, contrasting with the pure LaMnOj, has been also re-
ported by Zhang et al.®* Thus, the conclusion that the catalytic
performance of all supported samples can be higher than that
of ABO; perovskite alone is wrong.

Another factor for catalytic performance of supported
samples is preparation method. H,-TPR experiment has been
done to investigate the structure and reducibility of the catalysts
prepared by two methods.* The result shown in Fig. 5 indicated
that preparation method had relation to the amount of H,
consumed, and it was suggested that LaMnO;/CeO, prepared by
the dry impregnation (DI) method showed higher activity than
that by the precipitation-deposition (PD) method. In order to
find the reason, the catalysts were characterized by XRD, BET
and EXAFS. In the result of XRD, the peaks corresponding to the
perovskite were detected for LaMnO;/CeO,-PD catalysts but
hardly detected for the LaMnO;/CeO,-DI catalysts, indicating
that LaMnO; perovskite phases were highly dispersed on the
CeO, support. The BET surface areas of LaMnQ;/CeQ,-DI (46 m*
¢ ") was lower than that of LaMnO;/CeO,-PD (68 m* g~ ). The
formation of a perovskite oxide phase for the LaMnO;/CeO,
catalysts was confirmed by the EXAFS studies. Combined with
the H,-TPR study results, they propose that the higher activity
may be ascribed to the strong interaction between the perov-
skite phase and the CeO, support although this catalyst has
smaller surface area. Oppositely, Alifanti et al.®” concluded that
there was no interaction between the support and the elements
of the perovskite.

In addition, the morphology of CeO, has also a great influ-
ence on the catalytic activity, which has been studied by Wang
et al.®® It was found that the supported catalysts were more
active than the unsupported catalyst (La,gCey,Mn0O;3) and
Lag gCey,Mn0O;3/CeO, nanopolyhedra exhibited the higher
catalytic activity than the other two morphologies of CeO,

LaMnO4/CeO,-DI

LaMnO4/CeO.-PD

.LaMnO;,

H, consumption / a.u.
\

=3 i 4 n

200 400 600 800
Temperature / °C

Fig. 5 H,-TPR profiles of LaMnO3z/CeO, catalysts and LaMnOz.%¢
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supported samples. The results described above are possible
due to higher specific surface area and larger number of oxygen
vacancies.

In summary, the modification method of perovskite oxides is
effective for improving their catalytic activity, even though the
promotion mechanism is still not clearly explained. Such
a supported perovskite-type catalysts can have wide application
prospects for the possibility of increasing its activity by simple
preparation methods.

5. Conclusion

For Ce doped LaBO; (B = Co, Fe, Mn), all catalysts exhibit
relatively larger specific surface areas compared with pure
perovskites. The introduction of Ce changes the reducibility of B
cations and B"/B™ V" ratios and these factors induce the
generation of crystal lattice defects which lead to higher cata-
lytic activities. This review outlined the relationship between
the existence of CeO, phase and catalytic activity. When the Ce
addition is below its solubility in perovskite structure (x =< S), Ce
atoms can be totally incorporated in the perovskite lattice. Of
course, Ce substitution at higher levels (x > S) can lead to the
formation of separated CeO, phase. CeO, is either highly
dispersed on the lattice surface or is found as larger particles.
The former amorphous CeO, cannot be detected by XRD, while
the latter can be done.” What is more, it is found that Ce
content of perovskite-type catalysts exhibiting the best activity
exceeds its solubility in perovskites, indicating the presence of
CeO,. Ce0,, however, does not show good catalytic activity by
itself.*>* This means that the effect of separated CeO, on the
catalytic performance is an indirect one, i.e., by regulating the
B""/B""Y" ratios and by forming B,O, phase. The interaction
between different phases may also play a key role in improving
catalytic activity to some extent. Nonetheless, it is found that as
the content of doped Ce increasing, catalytic activity begins to
decrease slightly. Thus, the CeO, dispersing on lattice surface or
small particles are beneficial for catalytic activity, but larger
particles are adverse. As such, improving preparation methods
to delay the generation and growth of CeO, phase may be
effective for further improvement of activity. But beyond that,
more researches still need to go further in order to improve the
catalytic efficiency of NO transformation. For example, effective
support materials which can dramatically promote the activity
of Ce-doped LaBO; catalysts still need to be studied. On the
basis of Ce-doped LaBOj;, partial substitution of the A and/or B
cations by cations on different oxidation states should also be
attempted. Photocatalytic efficiency of La, ,Ce, 3FeO3/ATP that
we mentioned previously can reach as high as 80% at room
temperature. This make us get some great inspiration: in
addition to improving catalysts, the reaction conditions must
also be concerned.

For LaBO;/CeO, catalysts, promotion mechanism is still not
clearly explained. However, comparing with CeO, support or
pure LaBO; perovskite catalyst, the catalytic activities of the
majority of supported catalysts are enhanced. The simple
preparation methods provide a feasible scheme for improve-
ment of catalytic activity of LaBO; perovskites.

This journal is © The Royal Society of Chemistry 2018
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